Adding specific foreign elements into the eutectic Sb 70 Te 30 fast-growth material is expected to be an effective way to increase its thermal stability for blue laser recording. We have studied the effects of Ag and In addition on the optical properties and crystallization kinetics of the eutectic Sb 70 Te 30 recording film. The results showed that the addition of Ag and In increased the refractive index and decreased the extinction coefficient of amorphous Sb 70 Te 30 film and decreased both the refractive index and extinction coefficient of crystalline Sb 70 Te 30 film. The archival stability of the eutectic SbTe alloy could be effectively improved by adding Ag and In elements, however, the addition of Ag and In also made the initialization of the as-deposited eutectic SbTe film more difficult. During the isothermal crystallization process, the incubation time was extended, crystallization speed was reduced, and the crystallization process became more grain-growth dominated as Ag and In were added. All these effects were further enhanced by increasing the concentration of In element.
I. INTRODUCTION
Due to the fast development of multimedia technology, the demand for a phase-change medium with large recording capacity and a fast data transfer rate is getting higher. To increase the recording capacity, one can reduce the wavelength ͑͒ of the laser pickup and/or increase the numerical aperture ͑NA͒ of the object lens. Recently, Sony and Philips presented a digital video recording ͑DVR͒ format, based upon a blue laser pickup with ϭ405 nm and an objective lens with NA of 0.85, achieving a recording capacity of 22.5GB on a 120 mm disk. [1] [2] [3] [4] [5] To speed up the data transfer rate, a fast crystallization phase-change material is required because the maximum data transfer rate of a phase-change medium is determined by the crystallization speed of the recorded amorphous marks. Eutectic Sb 70 Te 30 fast-growth material is one of the promising candidates for high data transfer rate recording. 6, 7 However, this material also suffers from its poor thermal stability, which is detrimental to the archival stability of the disk. An effective way to overcome this obstacle is by adding specific foreign elements into the eutectic Sb 70 Te 30 fast-growth material to increase its crystallization temperature. A number of early studies have been conducted to improve the thermal stability of amorphous chalcogenide films at room temperature by adding foreign elements such as Cu, Co, Ag, Pb, Sn, Se, and Sb. [8] [9] [10] [11] In 1992, Iwasaki et al. reported a quaternary system of AgInSbTe as the recording material of the optical phase change disk. 12 Since then, the AgInSbTe alloy systems were extensively studied and some of them were successfully used in CD-RW and DVD-RW disks. 13, 14 Although many studies have concentrated on the crystallization behavior of AgInSbTe films, none of them showed the detailed effects of Ag and In doping on the optical properties and crystallization kinetics of eutectic Sb 70 Te 30 recording film. In this article, we investigated the effects of Ag and In addition on the optical properties, crystallization temperature, activation energy for crystallization, crystal structure, and crystallization mechanism of the eutectic Sb 70 Te 30 recording film. Optical simulations were also performed to evaluate the feasibility of these phase-change recording materials for use in the blue-ray disk. 8 were chosen to study the effects of Ag and In addition on the optical properties and crystallization kinetics of the eutectic Sb 70 Te 30 recording films. The sputtering power was fixed at 100 W, and the argon gas flow rate was controlled at 20 sccm. Background pressure and argon gas pressure were set at 5ϫ10 Ϫ6 and 3ϫ10 Ϫ3 Torr, respectively. The chemical compositions of the as-deposited recording films were confirmed by an inductively coupled plasma ͑ICP͒ atomic emission spectrometer ͑AES͒. Some of the as-deposited recording films were crystallized by annealing at 250°C for 30 min. The optical constants ͑refractive index n and extinction coefficient k͒ of the as-deposited and annealed recording films were measured by an ellipsometer, and optical simulations based upon the matrix theory were performed. The crystal structures of the recording films before and after being annealed were analyzed by a thin-film x-ray diffractometer ͑Rigaku RU-H3R͒. Both exothermal and isothermal experiments were conducted to study the crystallization kinetics of the as-deposited amorphous films. For the exothermal experiment, differential scanning calo- The specimen was put on a heating stage that was preheated to the temperature of 10°C below the crystallization temperature, which was defined as the one measured at 10°C/min, and the change in reflectivity with respect to time was recorded. The fraction of crystallization at any given time was defined as the reflectivity difference between the measured point and the start of crystallization normalized by the total reflectivity difference between the start and the end of crystallization. To evaluate the feasibilities of these phase-change recording materials for use in blue-ray disks, optical simulation based on the matrix theory 15 was performed to calculate the reflectivity difference between the amorphous and crystalline states, absorptance in the amorphous and crystalline states, and the value of the phase shift, which is the absolute value of the phase difference between the reflected lights from a crystalline area and an amorphous area. Figure 3 shows the structure of a blue-ray disk. An Al alloy reflective layer, a ZnSϪSiO 2 second dielectric layer, a phase change layer, and a ZnSϪSiO 2 first dielectric layer are consecutively deposited on a 1.1-mm-thick substrate, and a transparent cover layer with thickness of 0.1 mm is placed on top of the information layer. Recording and playback are carried through the cover layer. To reduce the overwrite distortion, we adopted a thermally balanced structure where the reflectivity for the crystalline state is lower than that for the amorphous state. 16 To minimize the signal cross talk from the adjacent track, the phase shift need to be made as small as possible. 17 To achieve adequate signal modulation, the reflectivity difference should be high enough. Here, the phase shift and reflectivity difference are assumed to be less than 0.001 and higher than 20%, respectively, for our disk structure. The optical constants of each layer at the wavelength of 400 nm are listed in Table I. Table II. shows the thickness range of each layer that satisfies the above design conditions for blue-ray disks. Undoubtedly, all the Sb 70 Te 30 and Ag and In added SbTe recording films studied here are suitable for use in the blue-ray disk when only optical considerations are taken into account.
II. EXPERIMENTAL PROCEDURE

III. RESULTS AND DISCUSSION
Besides the optical properties, the crystallization characteristic of phase-change recording film plays an important role in the archival stability and writing and erasing characteristics of the disks. Generally, the crystallization temperature of an as-deposited recording film is used as an indication of its archival stability even though the as-deposited amorphous state is more stable against crystallization than the amorphous marks obtained by melt quenching due to the larger degree of structural disorder in the as-deposited film. Brog et al. have reported that the crystallization temperature of doped eutectic SbTe in the as-deposited state is about 20 -30°C higher than that in the melt-quenched state. 7 Nevertheless, it is still reasonable to compare the archival stability of melt-quenched amorphous marks based on the crystallization temperatures of recording films in the as-deposited state. Figure 4 shows the DSC curves for as-deposited SbTe films with and without Ag and In addition at a heating rate of 10°C/ min. A sharp exothermal peak corresponding to the crystallization temperature was found in each DSC curve indicating 18 as well as the resulting crystalline phases through the crystallization process. According to the confusion principle, an alloy system involving more elements will have a lower chance to select viable crystal structures and a higher chance of glass forming, and therefore, will be more resistant to crystallization. Since the introduction of Ag and In made the eutectic SbTe alloy too confused to crystallize, the quaternary AgInSbTe alloys thus exhibited higher crystallization temperatures than the binary Sb 70 Te 30 alloy. Additionally, the x-ray diffraction patterns of the annealed films shown in Fig. 5 demonstrated that only the rhombohedral Sb phase was observed in Sb 70 Te 30 film, however, both rhombohedral Sb and chalcopyrite AgInTe 2 phases were distinguished in all quaternary AgInSbTe films. Apparently, the addition of Ag and In gave rise to phase separation in which atomic rearrangements of the constituent elements on a long-range scale were necessary during crystallization, making the crystallization reaction more difficult. Therefore, the crystallization temperatures of as-deposited Ag 12 Regarding the fact that the increase of In concentration results in further increase of crystallization temperature, we may be able to explain it by the increase of the average reduced temperature (T g /T m ) of the alloy system, where T g is the glass transition temperature and T m is the melting temperature. Normally, an alloy system with a higher glass forming ability, which increases with its average reduced temperature, will be more resistant to crys- tallization. According to Jiang and Okuda's calculation, 10 the reduced temperatures of In, Te, Ag, and Sb were estimated to be 0.48, 0.39, 0.20, and 0.20, respectively. Obviously, the addition of In element that has a much higher reduced temperature will effectively increase the average reduced temperature of the eutectic SbTe alloy, and therefore, result in the increase of crystallization temperature.
The activation energy for crystallization is another index to evaluate the archival stability of the amorphous phase change material. A series of DSC measurements were conducted at various heating rates. As expected, the corresponding crystallization temperatures increased with the heating rates since less time was available for atomic rearrangements of the constituent elements, leading to the increase of crystallization temperature to complete the crystallization process. The relationship between heating rate and crystallization temperature can be expressed by the Kissinger's equation:
Here, ␣ is the heating rate, T x is the absolute crystallization temperature, E a is the activation energy, and C and R are constants. Plotting ln (␣/T x 2 ) vs (1/T x ), a linear relationship will be established and the activation energy for crystallization can be determined from the slope of the straight line. The Kissinger's plots for SbTe films with and without Ag and In addition are shown in Fig. 6 . The activation energies for exothermal crystallization were determined to be 1. 8 Te 28.1 films, respectively. Similar to the effect on the crystallization temperature, the addition of Ag and In increased the activation energy of the as-deposited eutectic SbTe film, and the film with higher In concentration exhibited higher activation energy. Correspondingly, the confusion principle, phase separation, and the increase of the average reduced temperature due to the addition of Ag and In can also be adopted to explain these phenomena.
It should be noted that the heating rates used for DSC measurements were relatively high compared with the extremely low heating rate for data storage at ambient temperature, and were very low compared with the ultrafast heating rate for laser annealing. It has been reported that the mechanism of amorphous-to-crystalline transition of an asdeposited AgInSbTe recording film at low-power annealing is different from that at high-power annealing. 20 Assume that the transformation mechanism is the same at heating rates below a certain value, the crystallization temperatures of the as-deposited recording films at extremely low heating rates can be predicted by extrapolating the Kissinger's equation, as shown in Fig. 7 . For data storage at ambient temperature, if the heating rate is assumed to be 10 Ϫ3°C /min, the crystallization temperature was predicted to be 58°C for the as-deposited Sb 70 It is well known that the reaction exponent indicates which mechanism dominates the phase transformation process, crystal nucleation, and/or its growth. Therefore, crystallization behavior can be categorized by the m value. 24 Considering diffusion-limited processes, mϽ1.5 represents onedimensional grain growth from the nuclei, while mу1.5 represents grain growth occurring with nucleation. For 1.5 рmр2.5, the nucleation rate decreases with the progress of grain growth. For mу2.5, the nucleation rate increases with the progress of grain growth. films all fell in between 1.5 and 2.5, corresponding to crystallization in which grain growth occurs with nucleation and the nucleation rate decreases with the progress of the grain-growth process. In other words, the crystallization processes of these amorphous recording films are all dominated by the mechanism of grain growth with minimum nucleation. The addition of Ag and In lowers the m value of the eutectic SbTe alloy, making the crystallization process more grain-growth dominated. The increase of In concentration will make the crystallization process approach one-dimensional grain growth from the nuclei.
IV. CONCLUSIONS
Optical properties and crystallization kinetics of the eutectic Sb 70 Te 30 film were influenced by the addition of Ag and In. In the amorphous state, the refractive index n was increased and the extinction coefficient k was reduced, while in the crystalline state, both refractive index n and extinction coefficient k were reduced. All SbTe recording films with and without Ag and In addition are suitable for blue laser recording when only optical considerations are taken into account. Archival stability of the amorphous marks at ambient temperature was effectively improved by adding Ag and In elements, however, the initialization process also became more difficult. During the isothermal crystallization process, the addition of Ag and In prolonged the incubation time, slowed down the crystallization speed, and made the crystallization process more grain-growth dominated. All these effects were further enhanced by increasing the concentration of the In element.
